Introduction
============

Vascular dementia (VD) is the second most common type of dementia following Alzheimer\'s disease and is characterized by a gradual decline in learning and memory ability ([@b1-mmr-20-05-4587],[@b2-mmr-20-05-4587]). VD may affect more individuals in the future as the population ages and survival after cardiovascular disease and stroke increases ([@b3-mmr-20-05-4587]). The diagnosis of VD includes a decline in cognitive abilities, resulting in impaired functional abilities. To date, there is no effective treatment for VD, and the exact mechanisms of VD remain unclear. Therefore, it is important to study the pathogenesis and treatment of VD.

Resveratrol is a natural phenolic substance found in the epidermis of red grapes and red wine, and it is abundant in *Polygonum cuspidatum* ([@b4-mmr-20-05-4587]). Numerous studies have shown that resveratrol has many biological properties ([@b5-mmr-20-05-4587]--[@b7-mmr-20-05-4587]), including anti-oxidative, antitumor and anti-inflammatory properties. Resveratrol has been shown to improve the histopathological and behavioral outcomes of various types of acute central nerve injury, including stroke, traumatic brain injury, spinal cord injury and subarachnoid hemorrhage ([@b8-mmr-20-05-4587]--[@b11-mmr-20-05-4587]). Resveratrol also exhibits neuroprotective effects in Alzheimer\'s disease ([@b12-mmr-20-05-4587],[@b13-mmr-20-05-4587]), showing cognitive-enhancing effects. However, there is a lack of data concerning the role of resveratrol in VD. The present study used bilateral common carotid artery occlusion (BCCAO) to establish a rat model of VD, and the effects of resveratrol on cognitive function in rats with VD and the related mechanisms of action of resveratrol were explored by detecting the change in cognitive function of the rats using a water maze test.

Materials and methods
=====================

### Animals

Forty-five healthy male Sprague-Dawley rats aged 2 months and weighing 200--230 g were obtained from the Animal Center of Hebei Medical University. The animals were housed in a room with a constant temperature of 23±2°C on a 12-h light-dark cycle (lights on at 8:00 a.m.). All rats were allowed free access to food and water. All experiments were carried out in accordance with the regulations of the Ethics Committee of Taizhou Central Hospital (Taizhou University Hospital, Taizhou, Zhejiang).

### Bilateral common carotid artery occlusion (BCCAO)

The VD rats (the VD group and the Res group) were generated by bilateral common carotid artery occlusion. The rats were fasted 12 h before the operation, and the rats were anesthetized with chloral hydrate (10%, 0.3 ml/100 g) by intraperitoneal injection. After the rats were anesthetized, the skin was cut along the midline of the neck to expose the bilateral common carotid arteries. Then, the surrounding tissues were carefully separated. The bilateral common carotid arteries were tied with silk sutures (approximately 1 cm inferior to the origin of the external carotid artery). The rats in the control group were subjected to the same surgical procedure without the occlusion of the bilateral common carotid arteries. After the operation, the skin was stitched together and sterilized, and the animals were placed in cages at room temperature and allowed to wake up naturally and drink water normally.

### Resveratrol administration

Forty-five SD rats were randomly divided into 3 groups: the control group (Con group, n=15), the model group (VD group, n=15) and the resveratrol-treated VD group (the Res group, n=15). We used bilateral common carotid artery occlusion to establish VD in the rats (the VD group and the Res group). The rats in the Res group received daily treatment with resveratrol (Sigma-Aldrich; Merck KGaA; 20 and 10 ml/kg) intraperitoneally for 4 weeks. The rats in the other groups received saline intraperitoneally.

### Morris water maze (MWM) test

Following 4 weeks of resveratrol treatment, the cognitive ability of the rats was tested by MWM, which measures spatial learning and memory ability. The animals were subjected to a daily session of four training trials for 5 consecutive days. In each training session, the rats were placed into the pool at four different starting points (different quadrants). The experimental scheme is shown in [Table I](#tI-mmr-20-05-4587){ref-type="table"}. The rats were then permitted to find the platform within a maximum time period of 120 sec, and the rats were allowed to remain on the platform for an additional 20 sec. The time each rat took to find the platform was recorded as the escape latency. If a rat was unable to find the platform within the 120-sec time period, the rat was then guided onto the platform by the experimenter and kept there for 20 sec, and the escape latency was recorded as 120 sec. On day 6 of the probe test, the platform was removed, and the rats were placed into water and allowed to swim freely to find the removed platform for 120 sed. The activity of each rat was recorded by a video tracking system. The escape latency and the number of times the platform location was crossed (crossing frequency) were recorded.

### Superoxide dismutase (SOD) and malondialdehyde (MDA) measurements

Following the MWM test, 5 rats from each group were randomly selected, anaesthetized (sodium pentobarbital; 60 mg/kg; Sinopharm Chemical Reagent Co., Ltd.), and immediately sacrificed by cervical location, and the brain tissues were quickly isolated. The hippocampus was separated for further use. The expression of SOD was detected using the method described by Winterbourn *et al* ([@b14-mmr-20-05-4587]). For the assay, 0.067 M potassium phosphate buffer (pH 7.8) was added to 0.1 M EDTA containing 0.3 mM sodium cyanide, 1.5 mM NBT and 0.1 ml of the sample. Then, 0.12 mM riboflavin was added to each sample to initiate the reaction, and the samples were incubated for 12 min. The absorbance of the sample was read at 560 nm on a Genesys 10 UV (Thermo Fisher Scientific, Inc.) spectrophotometer for 5 min. The amount of enzyme required to produce 50% inhibition was 1 U, and the results are expressed as U/mg protein ([@b14-mmr-20-05-4587]). MDA was detected using the method described by Riahi *et al* ([@b15-mmr-20-05-4587]). The homogenized solution (0.1 ml) was deproteinized by the addition of 0.2 ml of a zinc sulfate solution and then centrifuged at 4,000 × g and 4°C for 20 min to separate the supernatant for nitrate determination. The supernatant of each sample (0.1 ml), pure water (as a blank) or sodium nitrite (as a standard) was mixed with 0.1 ml of vanadium chloride III to reduce the nitrite to nitrate. Then, 0.05 ml of sulfonamide (0.01%) and 0.05 ml of N-\[1-naphthyl\] ethylenediamine dihydrochloride (NED, 0.01%) were incubated for 30 min at 37°C in the dark. Thereafter, the absorbance of the solution was measured at a wavelength of 540 nm. The nitrate concentration was estimated from the standard curve produced by the absorbance of each sodium nitrate solution. The nitrate level is expressed as mmol/mg protein. The antibodies were as follows: SOD (CAS: A001-1-1, Nanjing Jiancheng Bioengineering Institute, China) and MDA (CAS: A003-1-1, Nanjing Jiancheng Bioengineering Institute, China).

### TUNEL assay

Apoptosis of hippocampal neurons was detected by a TUNEL assay. The brain tissues were fixed in 4% PFA and embedded in paraffin wax. An *In Situ* Cell Death Detection Kit (Roche, Switzerland) was used to detect apoptosis according to the manufacturer\'s instructions. Apoptotic changes were measured via fluorescence microscopy (Olympus, Tokyo, Japan). The images were captured using a light microscope (magnification, ×400; Olympus Corporation). The apoptosis rate was analyzed as described in a previous study ([@b16-mmr-20-05-4587]).

### Western blot analysis

The protein expression of Bax, Bcl-2 and caspase-3 was detected by western blot analysis. Five rats from each group were randomly selected and anaesthetized, and the brain tissues were quickly isolated. The hippocampus was rapidly separated on ice and then quickly frozen and stored at −80°C for further use. The hippocampus was homogenized with radioimmunoprecipitation assay lysis buffer. The proteins were then separated by 10% SDS-PAGE and transferred onto PVDF membranes. At room temperature, the membranes were blocked with 5% skim milk for 2 h and then incubated with primary antibodies overnight at 4°C. The antibodies were as follows: caspase-3 (1:2,000, Abcam, ab13847), Bcl-2 (1:1,000, ab196495, Abcam), Bax (1:2,000, Abcam, ab32503), and β-actin (1:2,000, Abcam, ab179467). At room temperature, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:3,000 diluted, Abcam, ab7097) for 1 h after several washes. We detected the proteins using a chemiluminescence system. Quantity One software (<https://download.csdn.net/download/sinat_29367613/8846211>) v4.62 was used to quantify the protein bands. All relative optical densities were normalized to β-actin.

### Statistical analysis

Statistical analysis was performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). All data are presented as the mean ± SD. Differences among three or more groups were compared by one-way analysis of variance (ANOVA) followed by Bonferroni tests to explain the exact difference between the means. P-values of 0.05 or less were regarded as indicative of a statistically significant difference.

Results
=======

### Resveratrol improves cognitive function in VD rats

We used the MWM test to evaluate the learning and memory ability of the different groups to determine whether resveratrol improves cognitive function in VD rats ([Fig. 1](#f1-mmr-20-05-4587){ref-type="fig"}). Compared to that in the control group, the escape latency in the VD group was significantly increased. However, after 4 weeks of resveratrol administration, the escape latency was significantly decreased ([Fig. 1A](#f1-mmr-20-05-4587){ref-type="fig"}). In the probe test, compared to that in the control group, the crossing frequency in the VD group was significantly decreased. Compared to that in the VD group, the crossing frequency in the Res group was significantly increased ([Fig. 1B](#f1-mmr-20-05-4587){ref-type="fig"}).

### Resveratrol reduces the concentration of MDA and increases the concentration of SOD in VD rats

Compared with that in the Con group, the hippocampal content of MDA in the VD group was significantly increased, and the hippocampal expression of SOD was significantly reduced. Compared with that in the VD group, the hippocampal content of MDA in the Res group was significantly reduced, and the expression of hippocampal SOD was significantly increased. The results indicated that the ability of the rats in the VD group to recover from oxidative stress was impaired and that the ability of the VD rats to recover from oxidative stress was improved after resveratrol treatment but did not reach the level of the Con group. The hippocampal expression of SOD and MDA is shown in [Fig. 2](#f2-mmr-20-05-4587){ref-type="fig"}.

### Resveratrol prevents the apoptosis of hippocampal neurons in the CA1 region

The data were produced using TUNEL assay. As shown in [Fig. 3](#f3-mmr-20-05-4587){ref-type="fig"}, the number of apoptotic neurons in the CA1 region of the model group was significantly increased. However, resveratrol significantly reduced the number of apoptotic neurons in the CA1 region.

### Resveratrol decreases hippocampal apoptosis in VD rats

The western blot analysis results ([Fig. 4](#f4-mmr-20-05-4587){ref-type="fig"}), showed that compared with that in the Con group, the expression of Bcl-2 in the VD group was significantly decreased. Compared with that in the VD group, the expression of Bcl-2 in the Res group was significantly increased. Compared with that in the Con group, the expression of hippocampal Bax and caspase-3 in the VD group was increased. However, hippocampal Bax and caspase-3 protein expression was significantly decreased after 4 weeks of resveratrol treatment. These results revealed that cerebral hypoperfusion inhibited Bcl-2 expression and enhanced hippocampal Bax and caspase-3 expression. Furthermore, resveratrol treatment enhanced the expression of Bcl-2 and inhibited Bax and caspase-3 expression in the hippocampus of VD rats.

Discussion
==========

Dementia is an acquired mental deficiency that causes severe social or occupational impairment. Vascular dementia (VD) is considered the second most common type of dementia, including dementia resulting from all types of vascular disease ([@b17-mmr-20-05-4587]). When the brain\'s blood supply is blocked or the diseased blood vessel system is impaired, VD can occur leading to a gradual decline in memory and cognitive function ([@b18-mmr-20-05-4587]). Bilateral carotid artery occlusion (BCCAO) can lead to the chronic hypoperfusion of the brain in rats, resulting in severe leukodystrophy and learning and memory impairment ([@b19-mmr-20-05-4587]). Therefore, BCCAO is useful for studying the mechanism of chronic cerebral hypoperfusion and searching for drugs for VD in rat models. Resveratrol is a natural phenolic substance found in the epidermis of red grapes and red wine, and it is abundant in *Polygonum cuspidatum*. Numerous studies have shown that resveratrol has many biological properties, including antioxidative, antitumor and anti-inflammatory properties. Although many studies have reported a close link between resveratrol and cognitive ability, the underlying mechanism remains unclear. Therefore, we investigated the effect of resveratrol on the cognitive ability of rats with VD. Our results showed that the cognitive ability of VD rats decreased and that resveratrol improved the cognitive function of VD rats. The results showed that resveratrol is a potential neuroprotective drug that can counter the cognitive impairment of BCCAO-induced VD in rat models.

The pathogenesis of VD includes oxidative stress, the cytotoxicity of reactive oxygen, mitochondrial dysfunction and apoptosis ([@b20-mmr-20-05-4587],[@b21-mmr-20-05-4587]). Oxidative stress is caused by changes in the body\'s oxidation and antioxidant balance, which is more conducive to producing free radicals or reactive oxygen free radicals rather than other antioxidant defense mechanisms ([@b22-mmr-20-05-4587]). Oxidative stress is a regulator of neurological injury and cognitive dysfunction after stroke, and a large number of studies have found oxidative DNA damage around cerebral infarctions in rats ([@b23-mmr-20-05-4587]--[@b25-mmr-20-05-4587]). Oxidative stress is not only associated with VD but is also associated with all risk factors for VD. Malondialdehyde (MDA) and superoxide dismutase (SOD) are widely used in many studies to represent the level of oxidative stress ([@b26-mmr-20-05-4587],[@b27-mmr-20-05-4587]). MDA, a common marker for oxidative stress injury, is the product of lipid peroxidation in oxidative stress and is positively correlated with oxidative stress and lipid peroxidation ([@b26-mmr-20-05-4587]). Patients with VD have been found to have high levels of MDA, and MDA levels in these patients are higher than in patients with Alzheimer\'s disease ([@b28-mmr-20-05-4587]). Clinical and experimental studies on cerebrovascular diseases have found that the peroxidative damage of free radicals is a likely mechanism of VD. SOD is an important antioxidant enzyme in the body. It is involved in the most important antioxidant system in the body and can directly scavenge free radicals and eliminate peroxidative damage. Free radicals obviously damage learning and memory. Clinical trials have found that oxidative stress plays a role in brain damage in VD patients, which may be related to the decreased SOD activity in red blood cells of VD patients, especially in patients with cerebrovascular lesions ([@b29-mmr-20-05-4587]). The results of the present study showed that MDA expression in VD rats was increased and that the activity of SOD in VD rats was decreased, indicating that bilateral carotid artery occlusion resulted in chronic ischemia and further led to oxidative stress injury in the VD rat model. Four weeks of resveratrol administration reversed the expression of MDA and SOD, confirming that resveratrol treatment improved the spatial learning and memory function of VD rats and may be closely related to anti-oxidative stress injury.

Apoptosis is a process of programmed cell death, and the term is derived from a Greek word meaning the falling of leaves from a tree. In many different mechanisms of cell death, cell apoptosis has been proposed to explain the cell loss observed in many neurological disorders, such as Alzheimer\'s disease, VD, Parkinson\'s disease, amyotrophic lateral sclerosis muscular atrophy, and stroke ([@b30-mmr-20-05-4587]). Bcl-2 and Bax are the two main genes responsible for regulating cell apoptosis. Bcl-2 is a key member of the anti-apoptotic Bcl-2 family and is essential for regulating cell apoptosis mediated by mitochondria ([@b31-mmr-20-05-4587],[@b32-mmr-20-05-4587]). The overexpression of Bcl-2 has been shown to protect nerve cells from damage by neurotoxins ([@b33-mmr-20-05-4587]). Bax, which promotes the release of cytochrome *c* by transferring it to the mitochondrial membrane, thereby promoting downstream cell apoptosis, is a member of the survivin subfamily ([@b34-mmr-20-05-4587]). Caspase, which is an important medium for apoptosis is a member of the cysteine protease family. Caspases mainly participate in the process of apoptosis through two different pathways: the death receptor pathway and the mitochondrial pathway ([@b35-mmr-20-05-4587]). Caspase-3 plays the role of the apoptotic executor, regardless of the pathway involved. Caspase-3 is a type of pro-apoptotic enzyme that activates the DNA fragmentation factor and then activates endonucleases to split nuclear DNA, eventually leading to apoptosis ([@b36-mmr-20-05-4587],[@b37-mmr-20-05-4587]). Research has confirmed that apoptosis is an important molecular biological mechanism that is closely related to VD ([@b38-mmr-20-05-4587]). In the present study, the protein expression of Bax, Bcl-2 and caspase-3 was detected by western blot analysis. The results showed that the hippocampal expression of Bax and caspase-3 was significantly increased and that the expression of hippocampal Bcl-2 was significantly reduced, confirming the activation of the hippocampal apoptosis pathway in VD rats. In the Res group, the hippocampal expression of Bax and caspase-3 was decreased, and the hippocampal expression of Bcl-2 was increased, indicating that resveratrol has obvious anti-apoptotic properties in VD rats.

In conclusion, resveratrol significantly improved cognitive impairment, decreased MDA levels, increased SOD activity and altered the expression of apoptotic proteins in VD rats. The mechanism of its neuroprotective effects may be closely related to the inhibition of the apoptosis pathway and oxidative stress injury. The results of this study confirmed the neuroprotective effects of resveratrol treatment in VD rats, providing a theoretical basis for the basic and clinical treatment of VD and other types of dementia. Nevertheless, our experiments found that resveratrol treatment did not improve cognitive function in VD rats completely, showing the limitations of this treatment, and the molecular mechanisms remain to be further explored in future experiments. In addition, in future research, we will design a positive control trial and determine whether resveratrol is superior to other drugs. The rats had only mild cognitive impairment, thus we used short-term intervention. If rats develop severe cognitive impairment or even dementia, the damage is irreversible, and even long-term intervention cannot reverse dementia. Of course, in future studies, we will compare whether short-term and long-term interventions have an impact on treatment outcomes. Moreover, β-amyloid and tau, markers for VD, will be tested in the future to strengthen our research findings.
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![Results of the MWM test. (A) Compared to that in the control group, the escape latency (in sec) in the VD group was significantly increased. However, after 4 weeks of resveratrol administration, the escape latency was significantly decreased. (B) Compared to that in the control group, the crossing frequency in the VD group was significantly decreased. Compared to that in the VD group, the crossing frequency in the Res group was significantly increased. \*P\<0.05 vs. the Con group; ^\#^P\<0.05 vs. the VD group. MWM, Morris water maze; VD, vascular dementia; Con, control; Res, resveratrol.](MMR-20-05-4587-g00){#f1-mmr-20-05-4587}

![Results of MDA and SOD measurements. Compared with that in the Con group, the hippocampal content of MDA in the VD group was significantly increased, and the hippocampal expression of SOD was significantly reduced. However, after 4 weeks of resveratrol administration, the expression of MDA and SOD was reversed. \*P\<0.05 vs. the Con group; ^\#^P\<0.05 vs. the VD group. MDA, malondialdehyde; SOD, superoxide dismutase; VD, vascular dementia; Con, control; Res, resveratrol.](MMR-20-05-4587-g01){#f2-mmr-20-05-4587}

![Resveratrol mitigates neuronal apoptosis in VD rats. (A) Fewer apoptotic neurons were found in the control group. (B) A significant increase in the number of apoptotic neurons was found in the VD model. (C) Apoptotic neurons were decreased in the Res treatment group. (D) Quantification of apoptotic cells. \*P\<0.05 vs. the Con group; \#P\<0.05 vs. the VD group. VD, vascular dementia; Con, control; Res, resveratrol.](MMR-20-05-4587-g02){#f3-mmr-20-05-4587}

![Western blot analysis of Bcl-2, Bax and caspase-3 expression. (A) Bcl-2, Bax, caspase-3 and β-actin protein bands. (B) The relative protein expression of Bcl-2. Compared with that in the Con group, the expression of Bcl-2 in the VD group was significantly decreased. Compared with that in the VD group, the expression of Bcl-2 in the Res group was significantly increased. (C) The relative protein expression of Bax. Compared with that in the Con group, the expression of Bax in the VD group was significantly increased. However, hippocampal Bax protein expression was significantly decreased after 4 weeks of resveratrol treatment. (D) The relative protein expression of caspase-3. Compared with that in the Con group, the expression of caspase-3 in the VD group was significantly increased. However, hippocampal caspase-3 protein expression was significantly decreased after 4 weeks of resveratrol treatment. \*P\<0.05 vs. the Con group; ^\#^P\<0.05 vs. the VD group. VD, vascular dementia; Con, control; Res, resveratrol; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-like protein 4.](MMR-20-05-4587-g03){#f4-mmr-20-05-4587}

###### 

The experimental scheme for the Morris water maze (MWM) test.

  Day         Trial 1   Trial 2   Trial 3   Trial 4
  ----------- --------- --------- --------- ---------
  1           N         E         SE        NW
  2           SE        N         NW        E
  3           NW        SE        E         N
  4           E         NW        N         SE
  5           N         SE        E         NW
  6 (Probe)   NE                            

N, North; E, East; SE, Southeast; NW, Northwest.
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